Background-Magnetic resonance global coherent free precession (GCFP) is a new technique that produces cine projection angiograms directly analogous to those of x-ray angiography noninvasively and without a contrast agent. In this study, we compared GCFP blood flow with "gold standards" to determine the accuracy of noninvasive GCFP blood flow measurements. Methods and Results-The relationship between GCFP blood flow and true blood flow defined by invasive ultrasonic flow probe and by phase contrast velocity encoded MRI (VENC) was studied in anesthetized dogs (nϭ6). Blood flow was controlled by use of a hydraulic occluder around the left iliac artery. GCFP images were acquired by selectively exciting the abdominal aorta and visualizing temporal blood flow into the iliac arteries. GCFP flow was similar to ultrasonic blood flow at baseline (131.3Ϯ44.8 versus 114.8Ϯ34.2 mL/min), during occlusion (10.8Ϯ5.1 versus 6.5Ϯ7.2 mL/min), during reactive hyperemia (191.4Ϯ100.7 versus 260.3Ϯ138.7 mL/min), during the new resting state (135.5Ϯ52.4 versus 117.8Ϯ24.1 mL/min), and during partial occlusion (61.4Ϯ36.4 versus 49.3Ϯ13.1 mL/min, PϭNS for all). Results comparing GCFP flow with VENC were similar. Statistical analysis revealed that GCFP flow was related to mean blood flow assessed by the flow probe (PϽ0.0001) and by VENC (PϽ0.0001). In the control right iliac artery, conversely, GCFP measurements were unaffected throughout all left iliac interventions (PϭNS). Conclusions-GCFP blood flow is linearly related to true blood flow for a straight, cylindrical blood vessel without branches. Although more complex geometries imply a qualitative rather than a quantitative relationship, the data nevertheless suggest that GCFP may serve as the basis for a new form of noninvasive stress testing. (Circulation. 2005; 111:1033-1039.)
M agnetic resonance global coherent free precession (GCFP) 1 is a new technique that produces cine projection angiograms directly analogous to those of x-ray angiography noninvasively and without a contrast agent. GCFP is based on continuous MRI "tagging" of protons in flowing blood as they pass through a slice in space and the simultaneous acquisition of 2D projection images as blood flows into the distal vasculature. For example, Figure 1 shows GCFP images of the canine pulmonary arteries and their branches with the excitation slice placed at the level of the main pulmonary artery. A key feature of GCFP images is that body tissues outside the slice are never excited and therefore remain invisible, resulting in cine angiograms similar to those of invasive x-ray angiography. In principle, GCFP MRI provides both morphological information (vessel diameters) and functional information (pulsatile blood flow) in a single acquisition. Although the GCFP technique itself has been described previously, 1 the potential ability of GCFP to noninvasively assess true physiological blood flow has not yet been investigated.
Noninvasive methods to assess blood flow are in general useful for detecting arterial stenoses. Hemodynamically significant stenoses result in reductions in resting blood flow and/or reductions in flow reserve during exercise and/or pharmacological stress. 2, 3 Detecting relative reductions in blood flow, for example, is the underlying physiological principle for the detection of coronary artery disease by SPECT, 4 -7 PET, 8, 9 and contrast-enhanced perfusion MRI. 10 A new imaging technique capable of assessing absolute and/or relative arterial blood flows, therefore, theoretically represents a new approach to the noninvasive detection of arterial stenoses.
We hypothesized that GCFP MRI can accurately assess blood flow compared with "gold standards." The objective of the present study was to test this hypothesis by comparing in vivo GCFP images with true volumetric blood flow assessed by an invasive flow probe and by phase contrast velocity encoded MRI (VENC).
Methods Theory
A detailed mathematical analysis of blood flow assessed by GCGP is given in the Data Supplement. In brief, the first time derivative of GCFP filling distance, x(t), equals blood flow velocity, v(t) (see Figure 2 ). Volumetric blood flow Q(t) is related to both x(t), v(t), and the cross-sectional area of the study vessel (A). As shown in the Data Supplement, these equations can be combined to show that the time-averaged volumetric blood flow (Q) during 1 cardiac cycle is linearly related to the maximum distance that GCFP-labeled blood protons move forward into the distal vascular tree during that cardiac cycle, x max . Our experiments therefore were designed to compare x max measured by GCFP with Q measured by the invasive flow probe and by VENC.
Experimental Preparation
Blood flow was examined in the iliac arteries of anesthetized dogs (nϭ6). The iliac arteries were chosen for these experiments because their relatively simple geometry allowed the GCFP excitation slice to be placed across the descending aorta immediately proximal to the aortic bifurcation such that blood flow could be manipulated in the left iliac artery while the right iliac artery served as control (see Figure 3 ). After anesthetization (brevitol), intubation, and mechanical ventilation with 1% to 3% isoflurane, the left iliac artery was dissected free and an invasive volumetric flow probe was placed around the vessel (Transonic Systems, Inc). A snare occluder was also placed around the artery to control blood flow. In pilot experiments, we found that the "MRI-compatible" flowmeter nevertheless contained small amounts of (nonferromagnetic) metal, which deleteriously affected the GCFP state because of disturbances in homogeneity of the static magnetic field. To address this, both the flow probe and occluder were placed approximately 15 cm distal to the aortic bifurcation (see Figure 3 ), and all branch vessels proximal to the flow probe were ligated.
MR Imaging
Images were acquired on a 1.5-T MR scanner (Siemens Sonata) by use of a 6-element phased-array surface radiofrequency receiver coil. After scout imaging to determine the location of the iliac arteries, ECG-gated GCFP images were acquired during repeated 15-to 20-second breathholds by use of a segmented k-space version of the GCFP pulse sequence described in detail elsewhere. 1 Imaging Figure 1 . Individual frames from a GCFP cine movie showing "tagged" blood protons filling a canine pulmonary artery and its branches out of an excitation slice at level of main pulmonary artery. Temporal resolution was 13 ms per frame. These images represent blood flow during 1 cardiac cycle, which demonstrates temporal and morphological information obtained by GCFP.
parameters were as follows: field of view, 300ϫ150 mm; matrix, 384ϫ192; in-plane pixel size, 800ϫ800 m; TR, 4.4 ms; TE, 2.2 ms; bandwidth, 977 Hz/pixel; flip angle, 45°; and excitation slice thickness, 5 mm. For comparison with the GCFP images, VENC images were acquired by use of a standard clinical pulse sequence (ECG-gated, segmented k-space 2D-FLASH sequence; field of view, 250ϫ172 mm; matrix, 256ϫ176; repetition time, 41 ms; TE, 3.0 ms; bandwidth, 350 Hz/pixel; flip angle, 25°; and slice thickness, 10 mm), and images were acquired during repeated breathholds.
Experimental Protocol
Baseline images were acquired with the occluder fully open. To avoid image artifacts caused by radiofrequency noise emitted by the flow probe amplifier, the flow probe was turned off during GCFP image acquisition, and volumetric blood flow was recorded immediately before and after imaging. Baseline through-plane VENC images were acquired approximately 1 cm distal to the aortic bifurcation perpendicular to the axis of the iliac artery. As during GCFP imaging, the flow probe was turned off during VENC imaging.
After baseline imaging, images were acquired before, during, and after a 5-minute occlusion to examine GCFP blood flow during occlusion and reactive hyperemia. Immediately after occlusion of the iliac artery, GCFP images and flowmeter readings were acquired each minute for the first 2 minutes. At tϭ4 minutes, another set of GCFP images and flowmeter measurements were made. At tϭ5 minutes, the occluder was released, and the measurements were repeated each minute until a new resting state was established. The occlusion/reperfusion protocol was then repeated a second time to allow acquisition of GCFP and VENC images.
The effects of partial occlusions were investigated by pulling on the snare while monitoring the flowmeter and adjusting flow to approximately 50% of baseline flow. GCFP and VENC images were then acquired after flow had stabilized for at least 3 minutes.
Data Analysis
All MRI data were analyzed on a Leonardo workstation (Siemens Medical Solutions). The maximum GCFP filling distance (x max in cm) for all GCFP images was measured in both the left and right iliac arteries at 5 different flow conditions: baseline, occlusion, reactive hyperemia, new resting state, and partial occlusion. GCFP flow (Q by GCFP in mL/min) was calculated on the basis of the theoretical 
Statistical Analysis
Data are presented as meanϮSD. The mean of the flow probe measurements before and after each image set was calculated for comparison with GCFP. Mixed-effects model analysis was used to evaluate the relationship between maximum filling distance and flow conditions; comparisons between flow conditions were made by use of the Tukey adjustment for multiple, pairwise comparisons. Mixedeffects models were also used to assess the relationship between GCFP filling distances and true blood flow. All statistical tests were 2 tailed; a value of PϽ0.05 was regarded as significant.
Results

Comparison of GCFP Blood Flow and True Blood Flow
Mean GCFP blood flow measurements and true blood flow measured by the flow probe and VENC are shown in the Table. On the basis of all 6 animals and 5 experimental conditions ( Figure 4 ), GCFP blood flow was linearly related to true blood flow measured by the flow probe (yϭ0.69xϩ30.8; PϽ0.0001) and VENC (yϭ0.64xϩ2.51; PϽ0.0001).
GCFP Filling Distances
At baseline, the maximum GCFP filling distance (x max ) in the left and right iliac arteries was 5.9Ϯ1.7 cm (3.9 to 8.8 cm) [meanϮSD (range)] and 5.9Ϯ1.5 cm (3.6 to 8.0 cm), respectively (PϭNS). In the left iliac artery, x max fell to 0.5Ϯ0.2 cm (0.3 to 0.9 cm) during occlusion (PϽ0.05 compared with baseline), increased to 7.9Ϯ2.2 cm (4.1 to 9.7 cm) during reactive hyperemia (PϽ0.05 compared with occlusion), returned to a new resting steady state of 5.6Ϯ1.2 cm (4.4 to 7.5 cm) (PϽ0.05 compared with occlusion and reactive hyperemia), and decreased to 2.6Ϯ1.6 cm (1.1 to 5.3 cm) during partial occlusion (PϽ0.05 compared with baseline, occlusion, reactive hyperemia, and new resting steady state) ( Figure 5 ).
In the right iliac artery, x max during occlusion, reactive hyperemia, new resting steady state, and partial occlusion of the study vessel was 6.3Ϯ1.6 cm (3.7 to 7.9 cm), 5.5Ϯ1.6 cm (2.8 to 7.4 cm), 5.8Ϯ1.2 cm (4.2 to 7.7 cm), and 6.2Ϯ1.6 cm (4.7 to 9.1 cm), respectively. The differences were not statistically significant (PϭNS). Figure 6 shows the comparison of x max with true blood flow measured by flow probe and VENC. On the basis of all 6 animals and all 5 experimental conditions, x max was linearly related to mean blood flow assessed by the flowmeter (yϭ0.024xϩ1.89; PϽ0.0001). On the basis of all 6 animals and 3 flow conditions, x max was linearly related to mean blood flow assessed by VENC (yϭ0.033xϩ0.2; PϽ0.0001). Figure 7 shows the comparison of the calculated x max from the flow probe data and VENC with the measured GCFP x max . There is a linear relation between GCFP x max and x max calculated on the basis of the data from the flowmeter (yϭ0.63xϩ1.46; PϽ0.0001) and from VENC (yϭ0.91xϪ0.33; PϽ0.0001).
Comparison of Maximum GCFP Filling Distance and True Blood Flow
Comparison of GCFP x max With Calculated x max on the Basis of the Flow Probe and VENC
Discussion
The main findings of this study were that blood flow assessed by GCFP systematically fell to zero during occlusion, increased beyond their baseline values during reactive hyperemia, and decreased below baseline as a result of partial occlusion. These data establish that GCFP blood flow measurements are directly related to physiological blood flow. We also found that, as predicted by theory (Data Supplement), GCFP maximum filling distance, x max , is linearly related to average blood flow and therefore represents a rapidly assessable parameter, both visually and quantitatively, of blood flow in a given vessel.
Comparison of GCFP With Existing Techniques
"Luminographic" projection MRA techniques have been described in previous studies as projection angiograms, 11, 12 subtraction angiograms, 12,13 arterial flow-tagging, 14, 15 spin labeling, 16 and signal targeting with alternating radiofrequency. 17 Although traditional MRI spin-labeling techniques also yield projection angiograms, the primary advantage of GCFP is its ability to produce multiframe movies depicting blood flow rather than a single frame angiogram because of an intrinsically higher imaging efficiency. 1 Accordingly, GCFP is fundamentally different from traditional MRI spin labeling techniques in that GCFP images intrinsically contain a temporal component. Like GCFP, VENC images also contain a temporal component and can be used to noninvasively assess blood flow. 18, 19 VENC assessment of blood flow, however, is limited to a single spatial location within a vascular tree. For example, the assessment of blood flow in the pulmonary arteries shown in Figure 1 by use of VENC would require repeated prescriptions of imaging planes across each individual vessel of interest. Conversely, GCFP provides flow information throughout the entire vascular tree distal to the excitation slice based on a single acquisition. Accordingly, the information provided by GCFP differs from existing noninvasive techniques such as MRI spin-labeling and VENC and is more analogous to invasive techniques, such as x-ray angiography. Semiquantitative blood flow information can be extracted from invasive x-ray cine angiograms by use of techniques such as TIMI frame counting. The underlying principle of TIMI frame counting is that blood flow can be characterized by determining the number of movie frames from the entrance of x-ray contrast dye into a vessel to the frame in which the dye enters the distal landmark branch. 20 Because of the similarity of GCFP images to those of invasive angiography, frame counting of GCFP images might also be expected to provide blood flow information. A fundamental difference between x-ray angiograms and GCFP, however, is that whereas the "leading edge" of the x-ray contrast agent is a function of both blood flow and other variables, such as the rate of contrast injection, catheter size, degree of engagement, and phase of cardiac cycle, 20 for GCFP, the "leading edge" of labeled blood is a function of flow alone, because the blood itself serves as the contrast agent and is effectively labeled instantaneously. Perhaps more importantly, x-ray angiograms require the injection of several milliliters of the contrast agent, which itself disturbs blood flow. The fact that contrast agent injection rates and volumes are irrelevant to GCFP imaging implies that GCFP may provide a more accurate measure of blood flow compared with TIMI frame counting of x-ray angiograms. Additional geometric considerations common to both GCFP images and x-ray angiograms, however, also affect the relationship to blood flow.
Blood Flow Measurements by GCFP, Flow Probe, and VENC*
Effects of Blood Vessel Curvature, Branching, and Taper
Our data demonstrate that in the setting of a straight, cylindrical blood vessel without branches, such as the iliac artery, a linear relationship exists between maximum GCFP filling distance (x max ) and true volumetric blood flow (see Figures 4 and 6) . In general, however, blood vessels follow a tortuous 3D path through space, branch into smaller vessels, and decrease their diameters along their length. Each of these geometric changes will affect the relationship between blood flow and filling distances both in x-ray angiograms and in GCFP images.
The effects of vessel curvature on filling distance cannot be assessed in 3 dimensions on the basis of images from a single projection direction. Biplanar and, in particular, orthogonal projection images, however, can be used to fully describe the 3D orientation of blood vessels in space. In principle, therefore, GCFP filling distances will remain linearly related to true blood flow even for curved blood vessels, provided that there are no vessel branches or tapering and provided that the data analysis is based on 2 (orthogonal) sets of projection images.
The effects of vessel branching can in principle be described by accounting for the relative cross-sectional areas of the parent and child vessels. Conservation of mass can then be used as the basis for calculations of blood flows in child vessels relative to those of the parent. Noncircular blood vessel lumina, however, would add yet an additional unknown, which would be only partially addressed by 2 orthogonal projections. Vessel taper could also in principle be accounted for but requires consideration of lumen diameters along the length of each vessel, and, as for branching blood vessels, noncircular vessel lumina would add yet another source of nonlinearity to the relationship between GCFP x max and true blood flow. Accordingly, fully accounting for the effects of vessel branching and taper would require significant additional analytical effort.
In practice, the acquisition of a second, orthogonal projection is straightforward and would simply require 1 additional 10-to 15-second breathhold. As for x-ray angiography, the resulting 2 cine angiograms would be sufficient to fully describe both the temporal and spatial distribution of blood flow throughout all blood vessels of a given vascular tree. Conversely, properly accounting for vessel branching and taper would require significant additional time and effort that would appear to be unrealistic in a routine clinical setting. Assuming that vessel branching and taper are not accounted for, the relationship between x max and true blood flow will become nonlinear, precluding quantitative analyses. Importantly, however, although nonlinear, the relationship will remain monotonic (increases in blood flow will always increase x max ), such that qualitative assessments can be made on the basis of visual assessment.
Implications for Noninvasive Stress Testing
GCFP filling distance is directly related to true blood flow and can be rapidly assessed both visually and quantitatively. Side-by-side visual interpretation could therefore provide the basis for a new form of noninvasive stress testing. For example, under baseline conditions, the GCFP excitation slice could be placed immediately proximal to a vascular tree, and filling distances within every branch of every vessel in the tree could be visually inspected on the basis of 2 orthogonal views. Exercise or pharmacological stress could then be applied and the GCFP imaging procedure repeated. Visual inspection of the resulting orthogonal pair of stress images could then be made in comparison with the corresponding pair of orthogonal rest images to assess blood flow reserve within each individual blood vessel of the vascular tree. Failure of x max to increase in response to stress would indicate a lack of flow reserve and the presence of a flow-limiting arterial stenosis. Further studies will be required to test the hypothesis that rest-stress GCFP imaging can be used to detect arterial stenoses.
Conclusions
GCFP blood flow measurements change systematically in response to variations in true blood flow. GCFP blood flow is linearly related to true blood flow for a straight, cylindrical blood vessel without branches. Curved blood vessels can be accounted for by biplanar imaging, but preservation of a linear relationship in the presence of branching and vessel taper require accounting for additional variables. Even without accounting for these variables, the relationship between GCFP filling distance and true blood flow will be monotonic and theoretically provides the basis for a new form of noninvasive stress testing.
